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INTRODUCTION
In mountainous ecosystems, interactions between hydrological and ecological processes can have profound impacts on the distribution and vigor of vegetation. Specifically, in regions of the intermountain west, the redistribution of snow by wind can dramatically influence the amount and timing of water availability to vegetation and ecological communities (Litaor et al. 2008 , Kormos et al. 2014 , Maurer and Bowling 2014 , Vose et al. 2016 . However, the dependence of plant productivity on these growing season hydrological subsidies has not been adequately quantified. The relationship between redistributed snow and the distribution of vegetation is particularly pronounced in many semi-arid ecosystems of the Great Basin and intermountain western United States. In many of these semiarid regions, the distribution of vegetation is closely linked to the availability of soil moisture and upland aspen (Populus tremuloides, hereby referred to as aspen) stands are frequently found in areas where snow drifting occurs (Burke et al. 1989 , Shepperd et al. 2006 . In these small aspen communities, the presence of snow has a direct impact on both the timing of available soil moisture and vegetation productivity. Future shifts in the amount of redistributed precipitation via increasing temperatures that decrease the percentage of precipitation falling as snow may alter ecosystem function. Upland aspen communities are highly productive relative to many other adjacent plant communities, are characterized by relatively high understory biodiversity (Kuhn et al. 2011) , and provide important, isolated habitats for many different avian and mammalian species (DeByle 1985, Griffis-Kyle and Beier 2003) , yet their tolerance to decreases in water availability via changes in precipitation regime remains largely unknown. Since these upland aspen communities currently act as important habitat, understanding how future shifts in precipitation phase impact vegetation productivity is increasingly important when identifying response thresholds and managing resilient habitat refugia as temperatures continue to increase with climate change (Keppel et al. 2012) .
Precipitation regimes are one of the principal drivers influencing forest net primary productivity (NPP), or the flux of carbon assimilated by vegetation minus autotrophic respiration (Van der Molen 2011). Availability of water during the growing season can limit stomatal conductance and therefore photosynthesis. Therefore, NPP is a useful indicator of drought stress and reduced carbon assimilation by plants. In addition to periods of senescence and/or winter dormancy, growing season NPP rates can decrease and become negative during periods of limiting soil moisture and severe drought. Hydrological impacts associated with drought and rising temperatures such as reduced snowpack, decreased soil moisture availability, and increased evaporative demand have particularly affected aspen forests across much of North America (Allen et al. 2010 , Anderegg et al. 2013 , Worrall et al. 2013 , Tai et al. 2016 . In many parts of the western United States, precipitation occurs primarily in the winter, and through the processes of snowpack accumulation and melt, directly influences forest processes including phenology and aspen productivity (Barbour et al. 1991 , Meier et al. 2015 . However, since the mid-20th century, snowpacks across western North America have been declining (Mote et al. 2005 , Knowles et al. 2006 , Nayak et al. 2010 , 2012 , Kapnick and Hall 2012 , Klos et al. 2014 . As temperatures have increased, numerous areas are experiencing decreases in the proportion of winter precipitation occurring in the form of snow (Nayak et al. 2010) , reduced duration of snow cover, and a decline in the peak snow water equivalent (SWE) with no concomitant increase in annual precipitation.
In complex terrain, decreases in the proportion of precipitation falling as snow can also affect the spatial distribution of soil moisture. Snow can be transported across the landscape by wind creating scour and drift zones where effective precipitation inputs, defined here as the total amount of precipitation entering the soil profile, can be highly non-uniform across the landscape (Litaor et al. 2008 , Williams et al. 2009 ). Since heavier, denser water droplets are much less prone to topographically induced depositional variations and are not subject to wind-driven redistribution after deposition as compared to ice crystals, warming-induced shifts in precipitation phase can produce more spatially uniform precipitation patterns. These changes in effective precipitation across the landscape may play a critical role in aspen productivity. Thus, interactions between the redistribution of snow and aspen productivity need to be thoroughly assessed to determine how future shifts in winter precipitation phase and the loss of hydrologic storage in snow drifts may impact productive and ecologically important semi-arid species such as aspen.
The objective of this study was to understand the connections between changes in the annual proportion of snow and rain and the subsequent response in NPP in semi-arid climates that characterize much of the western North America. We assess the relationship between water-contributing snow mass and aspen NPP at three stands using a biogeochemical process model run using long-term meteorological datasets. Each of the selected aspen stands is located within the Reynolds Creek Experimental Watershed and Critical Zone Observatory (RCEW/RCCZO) that is transitioning from a snow-to a rain-dominated precipitation regime (Nayak et al. 2010) . The three stands were selected to cover a range of elevations, annual precipitation, and terrain within the watershed.
To assess the dependence of each stand on the redistribution of precipitation, model-forcing precipitation data at each site were adjusted to represent the snow drift that is located above each field-monitored aspen stand. Simulations of aspen NPP were then completed for two separate scenarios where uniform and redistributed precipitation distributions were considered. Once redistributed precipitation was accounted for, we hypothesized that (1) simulated soil moisture availability will be prolonged later into the growing season and (2) the resulting increase in soil moisture will lead to increased simulated aspen NPP relative to simulations that did not account for snow redistribution. Hypothesis 1 was tested by comparing soil moisture storage measured at each site to simulated soil moisture storage assuming both uniform and redistributed precipitation layers. Hypothesis 2 was tested by comparing simulated NPP for both uniform and redistributed precipitation layers across a wide range of historical hydrometeorological conditions. Since drifts above aspen stands vary in size and aspen span elevations with a range of total precipitation, a cross-site comparison was done for several years with varying meteorological conditions to determine whether drift size and precipitation thresholds could be identified based on the modeled NPP response to redistributed snow. Overall, the response of these sites under a variety of site and meteorological conditions allows us to better identify when and where snow redistribution influences aspen productivity.
METHODS
Using long-term meteorological datasets to simulate hydrological and ecological processes allows us to link historic inter-annual variability in snow redistribution to the resulting vegetation response which is additionally influenced by site and growing season conditions. We used a combination of field measurements and previous simulations of snow redistribution to inform a process-based biogeochemical model to better understand the connections between redistributed precipitation and carbon fluxes in upland aspen ecosystems. To account for the presence of drifting snow, measured precipitation data were adjusted using drift factors (DF) calculated from previously validated simulations of snow redistribution. Final precipitation-adjusted climate datasets spanned 13-31 yr depending on the site and were used to simulate carbon fluxes and other ecosystem processes, including snowpack accumulation, soil moisture use, photosynthesis, and transpiration at a daily time step. Below, we outline our experimental design by describing: our site selection, measurement of soil moisture storage and plant water relations, phenological measurements, simulations of redistributed snow, and estimates of NPP using a processbased biogeochemical model.
Site selection and description
Established in 1960 by the United States Department of Agriculture, the RCEW, now also recognized as the RCCZO, is located in the Owyhee Mountains in southwestern Idaho (Fig. 1) . The RCEW encompasses an area of 239 km 2 and has been the location of extensive research focusing on long-term monitoring to advance the understanding of hydrological processes in complex terrain and develop hydrological models (Marks and Winstral 2001) . Since its creation, an extensive array of hydrological and meteorological instrumentation has been maintained throughout the watershed. Over the period of observation, the RCEW has experienced an approximately 2°C increase in mean annual temperature leading to a shift in phase of winter precipitation . Across the watershed, particularly at mid-and low elevations, declines in snowpack and increases in rain-on-snow events have been documented over the past 50 yr (Nayak et al. 2010) . The availability of long-term hydrometeorological datasets, coupled with measured shifts in winter precipitation phase, make the RCEW an ideal location to assess the response of vegetation to shifts in precipitation at intra-and inter-annual timescales. Numerous datasets spanning a range of elevations and environmental conditions additionally allow us to test the dependence of aspen on redistributed snow across multiple sites to determine the sensitivity of aspen productivity to historical variations in temperature, drift size, and total incoming precipitation using detailed, site-specific data.
The distribution and function of vegetation within the RCEW are strongly controlled by terrain, precipitation, and soil moisture availability (Finzel et al. 2015) . Across middle and upper elevations of the watershed, highly productive aspen stands are often distributed along leeward slopes and we hypothesize that they utilize water subsidies stemming from large snow drifts that persist late into the spring months . Three such sites located in the southern regions of the RCEW were used in this study: (1) one in the Reynolds Mountain East (RME) drainage, (2) one in the Sheep Creek (SC) drainage, and (3) one in the upper Johnston Draw drainage (JDW; Fig. 1 , Table 1 ). Average annual precipitation varies by site with SC and RME being the driest and wettest sites, respectively. Additionally, although JDW is similar in elevation and has higher average temperatures than SC, it receives more total precipitation due to a west-to-east precipitation gradient across RCEW (Hanson 2001 , Table 1 ). Each site consists of a small aspen stand with a snow drift located immediately upslope. Site elevations span the current rain/snow transition zone, which is most susceptible to warming-induced changes in precipitation phase.
Measured soil moisture storage and plant water relations
Measurements of soil moisture (h v ) and predawn branch water potentials (Ψ pd , MPa) were conducted during the 2012-2015 growing 
where h i is the measured volumetric water content of layer i, and D is the depth (mm) of layer i. Due to differences in effective root zone and soil moisture probe depths, site-specific storage equations were used to calculate S rz (Appendix S1: Table S1 ).
To determine the magnitude of drought stress experienced at each aspen stand, monthly measurements of Ψ pd were made at most sites during the 2012-2015 growing seasons using a pressure chamber (PMS Instruments, Corvallis, Oregon, USA) and standard methods (Scholander et al. 1965) . At each site, two branch samples were collected before sunrise from a dominant tree at three plots extending from stand edge to stand center. Branches were taken from consistent heights (~1-2 m) from the same trees across the growing season. Based on porometer measurements (SC-1 leaf porometer; Decagon Devices), nighttime transpiration was negligible (data not shown) and Ψ pd was assumed to be in equilibrium with Ψ soil , which therefore provided information about the timing and magnitude of soil moisture limitation experienced by aspens at each site. While Ψ soil is a useful indicator of drought stress experienced by plants, we use comparisons of measured and simulated S rz as our primary metric of model evaluation due to the continuous data record spanning several years.
Phenology
Timing of aspen phenology was measured at each site during the 2013 growing season using daily time-lapse imagery spanning spring leaf flush to leaf senescence. Images were taken with a time-lapse camera (Wingscapes; Ebsco Industries, Birmingham, Alabama, USA) once a day from a fixed location. Changes in phenology were estimated using the 2G_RBi difference index (Richardson et al. 2007 ) calculated from red, green, and blue color channels extracted from one to two points located within the canopy of each stand. Buffer zones were defined for each point in the canopy and were set to maximize the area of continuous canopy. If a stand contained more than one measured location in the canopy, the 2G_RBi difference indices were averaged to produce a single value representing the whole stand.
Simulations of snowpack timing and precipitation redistribution
Simulations of snow redistribution were used to determine the amount of water held in snow drifts above or neighboring the aspen stands simulated using Biome-BGC. Each simulated stand (described in Estimates of NPP using Biome-BGC) lies within or borders areas where snow drifting and ablation dynamics have been previously modeled using iSnobal (Marks et al. 1999) . iSnobal is a spatially adapted version of the physically based, mass-and energy-balance snow model Snobal that produces gridded simulations of snow states and energetics based on climate variables modulated by vegetation and topography Marks 2002, Reba et al. 2011 , ❖ www.esajournals.org Winstral et al. 2013) . The model simulates a twolayer snowpack consisting of a thinner, more dynamic surface layer that interacts directly with the atmosphere and a second deeper layer affected only by the overlying snow layer and underlying soil. Meteorological drivers are air and soil temperature, vapor pressure, downwelling longwave radiation, net shortwave radiation, wind speed, and precipitation. The snowpack is distributed over a grid based on a digital elevation model (DEM) allowing for snowpack variations driven by topographic complexity to be effectively represented. Additionally, canopy cover inputs incorporate the effects of vegetation on snow accumulation and distribution. The model computes snow states including (SWE, mm), depth (m), density (kg/m), layer temperatures, and average liquid water content (%; Marks and Winstral 2001) . This model has been applied to watersheds of various sizes across the Pacific Northwest and has been extensively tested and validated within the RCEW (Marks and Winstral 2001 , Seyfried et al. 2009 , Reba et al. 2011 , Nayak et al. 2012 . iSnobal has been further developed within the RCEW to account for the redistribution of snow across a range of catchment scales (Winstral et al. 2013 ). The iSnobal simulations from Reba et al. (2011; 1984 at RME) and Winstral et al. (2013; at SC and 2006 were the primary sources used to adjust the precipitation forcing data applied in Biome-BGC.
Drift factors used to adjust precipitation data were calculated using values of iSnobal-simulated peak SWE from a point located in the center of drifts either directly upslope of stands simulated by Biome-BGC or from a representative drift nearby, as in the case of SC, where the stand lies just outside the modeled catchment. The annual DF was calculated as the ratio of peak SWE simulated by iSnobal to total measured snow without drift effects, from the date of initial drift formation to the date of peak SWE simulated by iSnobal (here referred to as the drift accumulation period) using the equation: DF ¼ Peak simulated SWE (mm) Total measured uniform snow (mmÞ across drift accumulation period (
Drift factors were applied to all precipitation data occurring below freezing temperatures.
Since Biome-BGC operates on a daily time step, the full DF was applied to total daily precipitation if average daytime temperature (T day ) and average nighttime temperature (T night ) were ≤0°C. If either T day or T night was >0°C, a DF with a rate of increase 50% less than the full DF was applied to total daily precipitation. This decreased DF application conservatively accounts for occasional rain-on-snow events that are not captured by the daily time steps. A DF was not applied to daily precipitation if both T day and T night were >0°C. If years simulated in Biome-BGC were simulated by iSnobal, the calculated DF was applied. However, if years used in Biome-BGC simulations were not simulated by iSnobal, the average DF calculated from available iSnobal simulations was used (29 yr at SC, 11 yr at JDW, 7 yr at RME).
Estimates of NPP using Biome-BGC
Estimates of NPP were obtained using Biome-BGC (version 4.2; Thornton et al. 2002) a processbased biogeochemical model that has been extensively validated and applied under a variety of forest ecosystems and conditions (Boisvenue and Running 2010, Churkina et al. 2003) . Biome-BGC is run using daily inputs of maximum and minimum air temperature, average daytime temperature (T day ), precipitation, vapor pressure deficit (VPD), incoming shortwave radiation, and daylight length. Daily maximum and minimum air temperatures, VPD, and precipitation were obtained at climate stations neighboring each site. T day , daylight length, and average shortwave flux density were estimated using the point-based microclimate model MTCLIM (version 4.3; Thornton et al. 2000) . Complete climate datasets spanned 1985-2015 for RME and SC, and from 2003 to 2015 for JDW. Final simulations assumed both a uniform and redistributed precipitation layer accounting for the drifting of snow. To assess the response of aspen NPP to redistributed snow under a range of meteorological conditions, NPP under uniform and redistributed precipitation treatments was examined on a daily time step during a cool, wet year (1995), a warm year with a pronounced summer drought (2007) , and a warm year with low snowpack and relatively high spring precipitation (2015) .
In . We measured three of these seven parameters at each site: SLA, C:N root , and C:N leaf . C:N leaf was measured from sunlit, upper canopy leaves collected during the summers of 2012 and 2013. Leaves were sampled along a transect of three plots extending from stand edge to stand interior at each site. To minimize the effects of shading and competition, upper canopy branches were retrieved from a dominant, representative tree within each plot. At least seven large, sunlit leaves were selected from the branches taken from each plot and placed in sample bags containing moist paper and stored on ice in a cooler. Freshly sampled leaves were photographed next to an analog measurement scale for subsequent measurement of leaf area. Leaves were oven-dried at 65-70°C for 48 h and prepared for C:N analysis. Carbon masses from each sample were additionally used for calculations of SLA, defined in Biome-BGC as m 2 /kg leaf C. Leaf area was calculated using the image analysis software ImageJ (Schneider et al. 2012 , available online: http://rsb.info.nih.gov/ij/in dex.html). The sampling strategy for fine roots was similar to that of leaves and was completed during the same timeframe. Aspen roots <5 mm in diameter were sampled from three plots spanning stand edge to stand center at each site. Before analysis, sampled roots were gently washed with water to remove excess dirt and debris. Once cleaned, roots were oven-dried at 65-70°C for 48 h and analyzed for C:N values. Differences in C:N leaf , C:N root , and SLA across sites were determined using a one-way ANOVA.
The majority of the remaining ecophysiological parameters were obtained from previously published studies or adjusted based on field measurements. Estimates of the light extinction coefficient (k), water interception coefficient (W int ), and maximum stomatal conductance (gs max ) were obtained from published values (Appendix S1: Table S2 ). Percent leaf nitrogen as Rubisco values were based on estimates calculated from SLA, C:N leaf , and maximum carboxylation rates (Vc max ; White et al. 2000 , Lenz et al. 2010 . Based on agreement between simulated and measured LAI and S rz , final site-specific PLNR values were allowed to vary within the standard deviation of the combined average of calculated values across all three sites (0.08, SD = 0.02, see White et al. 2000 for calculation) . Additional site-specific parameters including soil texture and soil depth were measured or estimated at soil profiles excavated at each site, where soil samples extending to 100-120 cm were collected at plots located at stand edge and stand interior. Samples from sequential depths at each soil profile were sieved to 2 mm. Average percentages of sand, silt, and clay were measured by sedimentation tests, where soil texture is calculated based on the rate and volume of particle sedimentation in water. Values were used to parameterize soil texture for the uniform soil layer used by Biome-BGC simulations at each site (Table 1) .
Model evaluation
For Biome-BGC, comparisons between simulated and observed leaf area index (LAI), soil moisture, snowmelt, and dates of leaf flush and senescence are useful assessments of model performance (Waring and Running 2007) . Maximum LAI was measured at each stand in the early summer of 2013 using a LP-80 ceptometer (Decagon Devices). Simulations of S rz were compared to measured values from 2012 to 2015. Timing of Biome-BGC snowmelt and total SWE were compared to available iSnobal output. Additionally, phenological measurements at each site were used to further inform and assess the accuracy of simulations.
RESULTS

Measured soil moisture storage and plant water relations
Measured S rz across all sites tended to follow similar seasonal trends throughout the year, where peak soil moisture storage occurred during the late winter and early spring following peak snowmelt (gray lines, Fig. 2) . From the onset of spring green-up, measured S rz declined steadily across each growing season. From 2013 to 2015, the frequency and intensity of spring and summer precipitation events varied across the measurement period. While summer precipitation events occasionally replenished the upper 30 cm of soil, their influence was often short-lived due to higher rates of evapotranspiration during the summer months (not shown). As soil moisture became increasingly limited in the region measured by soil moisture sensors, measured S rz began to plateau either as plant water use decreased or soil moisture was withdrawn at depths extending beyond the measured profile (Fig. 2) . Once the minimum S rz was reached, it remained relatively constant at each site until the occurrence of late summer and early fall precipitation events. Typically, the replenishing rainfall events took place in the early fall, near the end of the growing season when LAI and temperature became limiting. However, the magnitude and frequency of rainfall events varied from year to year.
The timing and magnitude of drought stress varied by site. Measurements at RME and JDW, sites with higher annual precipitation (Table 1) , reflected adequate levels of soil moisture with Ψ pd remaining around À0.5 MPa across much of the 2012-2015 growing seasons (Fig. 3) . At these sites, Ψ pd values typically began to decrease in early to mid-September and reached minimum values in early October just before leaf senescence. Conversely, SC Ψ pd declined earlier in the growing season, where minimum Ψ pd levels occasionally fell below À1.4 MPa, and could remain below À1.0 MPa for extended periods of time (e.g., 2013 and 2015) . Variations in Ψ pd across the measurement period suggest that changes in precipitation timing and phase may play an important role in drought stress experienced by aspen stands along this precipitation gradient. 121 AE 17, RME = 126 AE 15 d). Across the entire simulation period, average growing season lengths were 182, 181, and 174 d at SC, JDW, and RME, respectively. At all sites, modeled growing season onset was primarily a function of soil temperature calculated from an 11-d running average of daily temperatures. Since there is no correction in Biome-BGC's phenology model for the insulating effects of snowpack on soil temperature, the annual growing season onset dates for a given year remained the same for simulations of uniform and redistributed precipitation. Simulated leaf senescence was governed almost entirely by photoperiod at each site, with complete canopy senescence occurring in late October.
Time-lapse photographs from the 2013 growing season indicated reasonable agreement between simulated and observed spring phenology. Biome-BGC simulated leaf flush began on day 121, whereas measured green-up reached 50% of maximum on day 126. Complete leaf senescence was observed from days 295 to 298 compared to simulated senescence occurring on day 302. Averaged across all sites, simulated green-up in 2013 occurred 6.7 d earlier than green-up predicted by the 2g_Rbi difference index (SD = 3.8, n = 3; Richardson et al. 2007 ).
Simulations of snowpack timing and precipitation redistribution
Initially, Biome-BGC simulations were unable to accurately depict snowmelt accumulation and melt dynamics of snow drifts. For example, at the mid-elevation sites SC and JDW, the snowpack was often transitory during the winter, whereas validated iSnobal simulations predicted the continuous presence of snow in the drift zone throughout the winter months (December through March). To address rapid melt rates in Biome-BGC, the daily temperature threshold to initiate snowmelt was calibrated based on the well-validated physically based snow simulations. The threshold was therefore lowered from T avg > 0°C to T min > 2°C at SC and JDW and T min > 0°C at RME. After adjustments to melt initiation temperatures, snowmelt timing in simulations accounting for redistributed snow by Biome-BGC improved and remained unbiased (R 2 = 0.76, y = 1.1148x -15.921, Fig. 4 ). At RME, JDW, and SC, final melt out day for years that had both iSnobal and precipitation-adjusted Biome-BGC simulations occurred within an average of 7 (SD = 6, n = 24), 13 (SD =7, n = 2), and 24 (SD = 9, n = 2) days of iSnobal simulations, respectively.
Average DF also varied between sites. SC had the largest DF (3.98, SD = 1.61), followed by JDW (2.17, SD = 1.00) and RME (1.45, SD = 0.24). After applying DF to measured precipitation data, effective annual precipitation was dramatically increased at SC (Fig. 5b) , whereas precipitation increases were more modest at JDW and RME where drifts above each stand tended to be smaller (Fig. 5a, c) . The magnitude of precipitation changes also varied from year to year at each site, indicating annual variability in the temperature during precipitation events, dominant precipitation phase, and timing of events. Additionally, the simulations of S rz described below account for the modified snowmelt temperature thresholds (Fig. 2) . 
Parameterization of Biome-BGC
As determined by a one-way ANOVA, measured values of C:N root , C:N leaf , and SLA were significantly different across sites (all Pvalues < 0.001, a = 0.05; Appendix S1: Table S2 ). Simulations were subsequently completed using site-specific averages. Average soil textures for each site varied slightly in sand content but fell into the general classification of silt loam. Soils at all sites had very low rock contents (<5%). Final estimated soil depths varied between sites with RME and JDW having the deepest effective soil depths of 1.2 m and SC having a slightly lower effective soil depth of 1.1 m due to a restrictive layer at~1 m (Table 1) .
Biome-BGC simulated soil moisture storage
Based on the timing of limiting soil moisture storage, redistributed snow prolonged growing season soil moisture availability at SC (Fig. 2) . However, while simulated S rz at SC was more accurate after accounting for the redistribution of snow, reductions in the simulated S rz tended to occur more rapidly in Biome-BGC compared to measured values (Fig. 2) . While the rate of soil moisture use was greater than observed, the growing season S rz in simulations accounting for the redistribution of snow tracked measured values more closely than simulations assuming a uniform precipitation layer. At SC in particular, S rz simulated using uniform precipitation inputs frequently fell to levels lower than those measured and remained limiting across longer periods of the growing season until the onset of replenishment from late summer and fall precipitation (Fig. 2) . Differences in simulated S rz between uniform and redistributed precipitation treatments across the growing season were negligible at sites receiving the highest total annual precipitation (RME and JDW; Fig. 2a, c) . Although S rz simulated with redistributed precipitation did not completely reflect measured S rz , at sites where redistributed snow was important (SC), redistributed S rz simulations were representative of the rate of soil moisture depletion and duration of minimum S rz across the growing season.
Seasonal fluctuations in simulated h v were similar to trends in S rz , where h v increased to field capacity during snowmelt at all sites after accounting for the redistribution of snow (Fig. 6) .
At the driest site, SC, simulations assuming a uniform precipitation layer often had a substantial soil moisture deficit which persisted through the spring months following complete snow cover ablation. During dry years (e.g., 2007) at SC, vegetation in simulations assuming a uniform precipitation layer experienced pre-leaf flush h v values approximately 0.15 m 3 /m 3 lower than simulations accounting for redistributed precipitation (Fig. 6e) . At all sites, simulated soil moisture use patterns were similar to those observed, where simulated soil moisture was gradually reduced after spring leaf flush as transpiration continued throughout the growing season.
Timing of soil moisture limitation was determined when simulated declining soil moisture levels plateaued and NPP rates became negative, indicating that carbon losses from respiration exceeded carbon gains from photosynthesis. Biome-BGC simulations only indicated prolonged periods of limiting soil moisture for SC, whereas differences between uniform and adjusted simulations for JDW and RME were negligible. Years similar to 2007 with low levels of measured precipitation and pronounced summer drought experienced the greatest relative increases in plant available soil moisture from snow redistribution. During these years, plant available soil moisture between simulations assuming uniform and redistributed precipitation could be extended by as much as 35 d for dry years (Fig. 6f) .
Simulated NPP
Across the entire simulation period, NPP assuming a uniform precipitation layer varied across sites, averaging 418, 447, and 333 g CÁm À2 Áyr À1 at RME, JDW, and SC, respectively. Large increases in aspen NPP after precipitation redistribution adjustments were only observed at SC (Fig. 5e) , where average annual NPP across the 31-yr simulation period increased just over 18% to 396 g CÁm À2 Áyr À1 . RME and JDW experienced little to no change in NPP across the entire simulation period (Fig. 5d, f) . For dry years, where growing season precipitation was minimal (i.e., 2007), NPP at SC was dramatically affected by the addition of redistributed snow (Fig. 6f) . Specifically, 2007 was a drier than average year with 303 mm of annual uniform precipitation. After accounting for redistributed snow, precipitation was increased to 670 mm. Total annual NPP assuming a uniform precipitation layer was 200 kg C/m 2 , whereas total annual NPP accounting for redistributed snow was 354 kg C/m 2 , an increase of over 75% (Fig. 6f) . Additionally, NPP remained positive nearly 40 d longer when redistributed snow was considered.
While dry years were most likely to experience a response, redistribution of snow did not always result in increased NPP. At SC, differences between uniform and redistributed simulations were inconsistent across the simulation period and were occasionally negligible during certain years (e.g., 1995 (e.g., , 2015 . For example, 1995 (Fig. 6 ) was a relatively cool year with nearly the same amount of measured precipitation as 2007. However, cooler temperatures in 1995 delayed snowmelt while spring rains decreased both the soil moisture deficit and evaporative demand early in the growing season (Fig. 6a) . Together, these factors helped alleviate drought stress and subsequently offset the benefits of redistributed snow, and hence resulted in annual NPP values that were effectively the same across redistributed and homogeneous precipitation treatments (Fig. 6c) .
Simulations also indicate that above average temperatures and decreased snowpack do not always result in large differences between uniform and redistributed precipitation cases. Compared to 2007, which was a warm year with a continuous snowpack, 2015 had increased winter and spring temperatures that significantly reduced precipitation occurring as snow leading to a small, transitory snowpack (Fig. 6g) . Even with a redistributed precipitation layer, little drift formation occurred and relatively early ablation during the winter and spring reduced the lateseason soil moisture subsidy to the point where annual NPP was similar for both uniform and redistributed simulations (Fig. 6i) . During the 2015 growing season, the loss of this soil moisture subsidy was supplemented by larger and more frequent spring and summer rains (Fig. 6g,  h ). Despite above average temperatures and a transitory snowpack, 2015 was a year with some of the highest NPP rates across all sites (Fig. 5d , e, f), indicating that the redistribution of precipitation is only one of the numerous factors that can lead to increased annual productivity.
DISCUSSION
Soil moisture storage and plant water relations
Increased late-season soil moisture with the incorporation of redistributed snow was only observed at the SC aspen stand where topographical conditions facilitate the formation of a particularly large drift (as reflected by the calculated DF). At that site, simulations of S rz and h v showed prolonged periods of limited plant available soil moisture, particularly during years with low annual precipitation and a high soil moisture deficit under the uniform precipitation case (Figs. 2, 6 ). In contrast, smaller drifts at RME and JDW failed to prolong plant available water, indicating an adequate supply of soil moisture even in the absence of redistributed precipitation. Based on the results of this study, aspen stands most likely to benefit from redistributed snow are those receiving less than about 500 mm of average annual uniform precipitation. Simulations also suggest that in the absence of large soil moisture storage capacities, a large portion of snow water may exit the system early in the growing season, limiting its availability later in the growing season. Studies conducted in similar semi-arid watersheds have found that soil water storage capacities can be a limiting factor in snow water uptake by vegetation (Smith et al. 2011) and that snow water can pass through upper soil layers relatively quickly regardless of maximum snow depth (Grant et al. 2004) .
While the redistribution of snow was reasonably incorporated into Biome-BGC, incorporating additional detail into the simulation of hydrological processes spanning the soil, plant, atmosphere continuum will strengthen our understanding of the interactions between snowpack and vegetation function (Vose et al. 2016 ). The overestimated rates of soil moisture depletion simulated by Biome-BGC (Fig. 2) may be the result of several factors including the generalized representation of stomatal control, soil depth, and soil profile structure in Biome-BGC, or sensitivities in the parameterization of the site parameters such as average uniform soil texture and effective soil depth. Since soil moisture probes used a single calibration curve, calculations of S rz may have increased error due to textural differences across soil layers. However, factory testing and experiments from Kizito et al. (2008) indicate that the sensors used in this study produce accurate measurements of h v across a broad range of soil textures using a single calibration curve. Additionally, measured S rz across all sites was often low (~250 mm) across much of the winter (Fig. 2) . S rz measured during these periods may be underestimated due to the potential impacts from freezing soil. Since the soil moisture sensors used in this study are designed to measure liquid water content, soil moisture measured during the winter may experience additional errors and uncertainty due to fluctuations in frozen and liquid water content.
Soil moisture dynamics are further complicated when plant water uptake is considered in addition to snowmelt timing and seasonal variability in evaporative demand. Previous research examining the water balance of the upper SC catchment has shown that spring precipitation does not usually contribute much to streamflow but can play an important role in reducing evaporative demand and soil moisture deficits that occur later in the growing season (Chauvin et al. 2011) . These findings, in addition to the simulations in this study, indicate that soil moisture availability and use can be largely influenced not only by the amount of snow water availability, but also by spring growing conditions when transpiration and vegetation growth rates are typically highest.
Simulated NPP
While comparable NPP data specific to western, semi-arid aspen forests are limited, simulated average annual NPP rates of 420 g CÁm À2 Áyr À1 were within the range of values published for aspen in many parts of North America. Previous modeling studies of boreal aspen forests indicate that simulated mean NPP rates range widely from 332 to 804 g CÁm À2 Áyr À1 and can vary substantially depending on soil type and plant water availability (Huang et al. 2013 (Gower et al. 1997 ) with the most productive sites reaching 795 g CÁm À2 Áyr
À1
in Alaska (Gower et al. 2001 ).
As seen with simulations of soil moisture, increased NPP was only observed at SC after accounting for the redistribution of snow, contrary to the hypothesis that all sites would experience increased productivity due to snow drifting. This trend may be partially the result of the site's relative location within the local precipitation gradient. SC currently experiences half of the annual precipitation relative to RME and exists in an area of larger drift formation than the other two study sites. The effect of the snow subsidy is reduced at sites receiving more precipitation, where productivity of aspen stands may be less sensitive since soil moisture is nonlimiting at these wetter sites, especially when combined with lower growing season VPDs, and adequate soil storage capabilities.
While simulated phenology agreed well with observations of leaf flush and senescence during the 2013 growing season, the phenological subroutine in Biome-BGC could be improved. Although the model accounts for both temperature and radiation controls on plant phenology, corrections for snowpack have not been implemented in this version of Biome-BGC. For these simulations specifically, this simplification could have potential implications for total growing season length. The impact on growing season is twofold. Reductions in snowpack may result in earlier spring leaf flush while prolonged snowpack presence could also delay leaf flush leading to shorter overall growing seasons. Even after accounting for the redistribution of precipitation, the increased snowpack typically melts before leaf flush. However, cooler simulation years with high amounts of snow water can have periods where spring photosynthesis overlaps snowpack presence. Since snowpack does not delay leaf flush in the model, this may result in overestimates of growing season length during cooler years. This bias is most prominent at RME, the coolest site where snowpack presence is often the most persistent. For 2013, BGC predicts leaf flush occurring 11 d earlier than observed. This larger error relative to warmer sites like SC and JDW (simulated leaf flush occurred 4 d earlier than measured) is likely due to the model's oversimplification of the insulating properties of the snowpack and subsequent effects on soil temperature and plant phenology.
As depicted in the simulations, aspen growth and senescence are closely linked to changes in soil temperature and photoperiod (Fracheboud et al. 2009 ). However, Populus phenology has also shown sensitivity to shifts in temperature during both early-and late-season phenological events, such as spring leaf flush and fall leaf senescence (Rohde et al. 2011) . These interactions are not represented in the Biome-BGC phenology model, and may not fully capture the range of vegetation response to continued warming of spring and fall temperatures and decreased snowpack and that will result with further climate change. While phenological processes were necessarily simplified in Biome-BGC, our simulations capture the primary environmental controls determining growing season length and are in relative agreement with observations. The combination of factors, including precipitation timing, elevation, and site characteristics, results in complex interactions which vary across relatively small scales within the RCEW. For instance, while SC was the only site to experience significant increases in NPP, the response varied by year, indicating the presence of other factors linking vegetation productivity to precipitation phase and timing. Sheep Creek NPP tended to have the largest response to redistribution of snow on years when uniform precipitation was low (e.g., 2007, Fig. 6d ). However, for years where uniform precipitation was high, the magnitude of increase in NPP was much smaller. Although the response showed a large degree of variability, the overall year-to-year trend in annual NPP from 1985 to 2015 was stabilized after accounting for redistributed snow (Fig. 5e ), indicating that a snow water subsidy from drifts may provide an important buffering effect during extreme drought or low snow years.
Unlike 2007, where there was a pronounced period of summer drought, simulated NPP during years with cool summer temperatures and frequent spring precipitation often showed little response to the redistribution of precipitation. For instance, although 1995 was a year where snowpack presence was significantly reduced in the absence of a drift, cooler temperatures and frequent spring rains helped reduce the spring soil moisture deficit (Fig. 6a) . Growing season rain events were also more frequent during the spring and summer of 1995 (Fig. 6a) and provided brief pulses in available soil moisture in addition to reducing transpiration rates. While summer precipitation did occur during 2007, the events were fewer and smaller ultimately having little impact on long-term soil moisture availability, VPD reduction, or increased mid-summer NPP (Fig. 6) .
While these results indicate that a decrease in snow water inputs from redistributed snow can have important ecological implications, vegetation leaf area can exert additional controls on soil moisture availability. This was most apparent during 2015, a year with above average temperatures and approximately average annual precipitation. Daily simulations of NPP and h v for SC (Fig. 6) show how canopy development can influence seasonal trends in soil moisture use. For 2015, differences in maximum LAI between uniform (LAI = 1.3 m 2 /m 2 ) and redistributed simulations (LAI = 1.6 m 2 /m 2 ) led to differing rates of soil moisture depletion across the growing season (Fig. 6h) . The higher LAI occurring in the redistributed precipitation simulations resulted in higher rates of NPP in the spring followed by periods of soil moisture limitation later in the summer. Conversely, uniform precipitation simulations had a lower LAI, leading to slightly lower daily NPP rates during the spring. Ultimately, decreased LAI and spring NPP rates for uniform precipitation simulations led to more conservative soil moisture use later in the growing season (Fig. 6h) . While trends in daily NPP differed between precipitation cases, total annual NPP for uniform and redistributed precipitation simulations were similar for 2015. Overall, these simulation years highlight the variety of vegetation responses to changes in snowpack. However, it is important to note that while subsequent years of ample soil moisture and low evaporative demand may allow some recovery in vegetation productivity, severe drought years can have significant legacy effects and may ultimately exert sufficient stress to limit complete recovery or result in stand death (Anderegg et al. 2013 , Vose et al. 2016 .
These results show that responses of soil moisture and NPP to redistributed precipitation can differ by year and between sites in relatively close proximity. While certain soils in the RCEW may be limited by their storage potential due to texture or depth, these simulations suggest that larger drifts in areas with higher seasonal soil moisture deficits are much more likely to subsidize plant available soil moisture relative to minor drifts where the majority of snowmelt exits the system before the onset of drought stress. The results in this study also indicate that interactions between soil moisture storage, evaporative demand, and precipitation thresholds must be considered together to understand the importance of redistributed snow on vegetation productivity.
Understanding the response of vegetation communities to shifting hydroclimatic regimes is essential for developing effective long-term manage ment plans for vulnerable species, habitat conservation, and landscape carbon sequestration. In complex terrain, areas that are currently considered hydrological refugia (e.g., areas where redistributed snow accumulates) or habitat refugia (e.g., upland aspen stands) may become increasingly vulnerable under altered climate and precipitation regimes (Keppel et al. 2012 , McLaughlin et al. 2017 . We show that the reduction in seasonal hydrological storage in the form of redistributed snow may negatively impact ecologically important and drought-sensitive species like aspen. However, it is also important to note that an increase in temperature has not been incorporated into this study. Thus, the shifts in NPP presented here are simply the result of the presence or absence of a snow water subsidy stemming from redistributed snow accumulated because of the interactions of wind fields with complex topography. While future increases in temperature are not considered in this study, solely considering the redistribution of snow suggests that drifts have historically been an important source of soil moisture to aspen stands located in areas with relatively low precipitation. Nevertheless, it is essential to assess the importance of water resources and soil moisture availability in the context of climate change. In semi-arid ecosystems specifically, rising temperatures may increase the importance of snow water subsidies, since growing seasons are also expected to lengthen and experience increased evaporative demand during the summer months, thereby exacerbating drought conditions. To conserve and prioritize areas of habitat refugia provided by upland aspen stands, resource managers might consider management actions that modify the role of snow redistribution. For example, potential strategies could include thinning or removal of co-dominant species (e.g., Douglas fir) to reduce competition for soil moisture.
Across much of western North America, documented decreases in precipitation falling as snow are likely to continue across the 21st century. As temperatures continue to warm, process-based simulation models will become increasingly useful tools to assess and develop management strategies to enhance the resilience of critical vegetation/landscape units under altered climate regimes. Therefore, when identifying future vulnerability or mortality thresholds in upland ecosystems, future studies should integrate the influence of gradually warming temperatures on precipitation phase across a range of meteorological conditions where precipitation amount and timing are highly variable.
CONCLUSIONS
While no significant changes in the amount of total precipitation have been documented within the RCEW over the past decades (Nayak et al. 2010 , the ratio of total annual snow to rain is expected to continue to decrease. Although the total amount of precipitation may remain consistent, any shifts in the timing and phase of precipitation could have profound impacts on vegetation communities depending on their location along a shifting precipitation phase gradient. The results presented here indicate that the redistribution of precipitation only prolongs soil moisture available to aspen stands at sites that both receive 500 mm or less annual precipitation and have high soil moisture storage capacity. Unlike the driest site, increased soil moisture inputs resulting from drifting had little effect on growing season soil moisture availability at sites receiving higher annual precipitation amounts. Considering the heterogeneous distribution of available resources is essential when assessing the vulnerability of ecosystems to climate change and identifying areas of habitat refugia (Keppel et al. 2012 (Keppel et al. , 2015 . Studies not accounting for the presence of heterogeneous soil moisture subsidies or soil characteristics may underestimate carbon fluxes in landscapes where the distribution of water resources is complex and shapes the distribution of key vegetation communities. This is an important consideration to make when identifying sensitive species or regions that may be susceptible to changes in temperature and precipitation. Therefore, management of vulnerable aspen communities should consider climate change-induced shifts in precipitation phase and the role refugia plays in maintzaining ecosystem resilience.
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